The in vitro perfused rectal gland of the dogfish shark (Squalus acanthias) and filter-grown monolayers of primary cultures of shark rectal gland (SRG) epithelial cells were used to analyze the signal transduction pathway by which C-type natriuretic peptide (CNP) stimulates chloride secretion. CNP binds to natriuretic receptors in the basolateral membrane, elevates cellular cGMP, and opens cystic fibrosis transmembrane conductance regulator (CFTR) chloride channels in the apical membrane. CNP-provoked chloride secretion was completely inhibitable by the nonspecific protein kinase inhibitor staurosporine and the PKA inhibitor H89 but insensitive to H8, an inhibitor of type I and II isoforms of cGMP-dependent protein kinase (cGKI and cGKII). CNP-induced secretion could not be mimicked by nonhydrolyzable cGMP analogs added alone or in combination with the protein kinase C activator phorbolester, arguing against a role for cGK or for cGMP-induced PKC signaling. We failed to detect a dogfish ortholog of cGKII by molecular cloning and affinity chromatography. However, inhibitors of the cGMP-inhibitable isoform of phosphodiesterase (PDE3) including milrinone, amrinone, and cilostamide but not inhibitors of other PDE isoenzymes mimicked the effect of CNP on chloride secretion in perfused glands and monolayers. CNP raised cGMP and cAMP levels in the SRG epithelial cells. This rise in cAMP as well as the CNP and amrinone-provoked chloride secretion, but not the rise in cGMP, was almost completely blocked by the G␣i-coupled adenylyl cyclase inhibitor somatostatin, arguing against a role for cGMP cross-activation of PKA in CNP action. These data provide molecular, functional, and pharmacological evidence for a CNP/cGMP/PDE3/cAMP/PKA signaling cascade coupled to CFTR in the SRG.
THE RECTAL GLAND OF THE SPINY dogfish shark, Squalus acanthias, is composed of secretory tubules of a single cell type that are highly specialized for acute, hormone-stimulated chloride secretion (9) . The mode of chloride movement across the gland shows many similarities with mammalian chloride secretory tissues such as intestinal crypts and submucosal glands in the airways, including sodium chloride entry at the basolateral side through a Na-K-2Cl cotransporter, Na-K-ATPase, recirculation of potassium through cAMP-sensitive basolateral K channels, and export of chloride through apical cystic fibrosis transmembrane conductance regulator (CFTR) anion channels (15) . Shark CFTR (sCFTR) is 72% identical and 83% homologous to human CFTR and has similar biophysical characteristics but a different sensitivity to pharmacological inhibitors (26) . Because of its anatomical simplicity and functional specialization, the rectal gland provides a unique model of a native epithelium for investigating the complex signaling pathways involved in CFTR regulation. Novel information gained from these studies is expected to be highly relevant for a better understanding of human CFTR-opathies including cystic fibrosis (CF) caused by mutated, dysfunctional CFTR and secretory diarrhea (SD) characterized by hyperactivation of CFTR in the intestine.
C-type natriuretic peptide (CNP), first identified in nonneuronal tissue by our laboratory in the shark heart (21) , is the sole natriuretic peptide in elasmobranchs (sharks, skates, and rays) (13) and functions as the major physiological activator of CFTR-mediated Cl secretion in the shark rectal gland (SRG). CNP activates a CNP-selective receptor guanylyl cyclase at the basolateral membrane (designated NPR-B) (2) . Electrophysiological measurements following addition of CNP have been carried out in single perfused rectal gland tubules (12) . In contrast to mammalian intestinal epithelial cells, the mechanism by which cyclic GMP (cGMP) activates chloride secretion in SRGs is still ill defined. A major difference with mammalian intestine is the apparent failure of the membranepermeant and phosphodiesterase (PDE)-resistant cGMP analog 8-bromo-cGMP (8-Br-cGMP) to mimic CNP-provoked chloride secretion in perfused glands (24) . In contrast, cGMPmediated heat-stable enterotoxin (STa), as well as guanylininduced intestinal chloride secretion, in mammals could be reproduced fully by cGMP analogs (30 -31, 33-34) .
A key question that remained unresolved is the identity of the cGMP effector protein(s) linking cGMP signaling to the ion transporters in the SRG. In analogy with cGMP signaling in mammalian enterocytes, several mechanisms can be proposed, including 1) cGMP activation of a specific membrane-bound isoform of cGMP-dependent protein kinase (cGK-II); this isoenzyme serves as the major cGMP receptor in the small intestinal epithelium and as a prime target for anti-diarrheal pharmacotherapy (6 -7, 14, 33) ; 2) cGMP inhibition of type III phosphodiesterase (PDE-3), raising cAMP levels (8, 31) ; 3) cGMP cross-activation of cAMP-dependent protein kinase (PK-A) (10, 33) ; and 4) direct interaction of cGMP with a cyclic nucleotide-binding domain in CFTR (19, 27) . Mecha-nism 3 could explain the successful reconstitution of CNP/ cGMP activation of CFTR in the Xenopus oocyte model (2) but requires excessive accumulation of cGMP in the rectal gland (up to submillimolar levels) for which experimental evidence is presently lacking. Therefore, we chose to focus on mechanisms 1 and 2.
In the current study, cGMP inhibition of PDE3 emerged as the major and perhaps sole signaling mechanism accounting for CNP-provoked CFTR-mediated chloride secretion in the SRG whereas molecular cloning, affinity purification, and functional studies failed to provide evidence for the operation of a CNP/cGMP/cGKII/CFTR pathway.
MATERIALS AND METHODS
Reagents. All reagents used in this study were purchased from Sigma-Aldrich (St. Louis, MO).
In vitro perfusion of SRGs. Rectal glands were obtained from male and female dogfish sharks, Squalus acanthias, weighing 2-4 kg, which were caught by gill nets in Frenchman's Bay, ME, and kept in a 5,000 gallon circulating seawater system at the Mount Desert Island Biological Laboratory (MDIBL). Animal care and use at the MDIBL is guided by an institutional assurance (A-3562-01) approved by the National Institutes of Health Office of Laboratory Animal Welfare. Sharks were killed by pithing the brain and spinal cord (MDIBL Institutional Animal Care and Use Committee Approved Protocol No. 10-03). Rectal glands were excised, and cannulae were inserted into the artery, vein, and duct. The rectal glands were then placed in a glass perfusion chamber maintained at 15°C with running seawater and perfused with elasmobranch Ringer's solution equilibrated to pH 7.5 by bubbling with 99% oxygen and 1% CO 2 as previously described (15) . All glands were perfused first for 30 min in the absence of agonists to attain basal levels of secretion. Measurements of duct flow and chloride secretion were made at 1-min intervals after the addition of secretagogues or specific inhibitors of phosphodiesterase enzymes. Results are expressed as microequivalents of chloride secreted per hour per gram wet weight (eq·h Ϫ1 ·g Ϫ1 ) Ϯ SE. Short-circuit current measurements. To further pursue the mechanism of CNP-induced secretion we performed electrical measurements of transepithelial chloride transport in primary cultures of SRG epithelial cells in Ussing chambers. SRG tubular epithelial cells were isolated and cultured on collagen-coated CoStar Transwell filters for 10-25 days using techniques previously described (35) . Confluent monolayers were mounted in Ussing chambers (P2300; Physiological Instruments, San Diego, CA) and bathed with a solution containing 270 mM NaCl, 6 mM KCl, 3 mM MgCl 2, 5 mM CaCl2, 20 mM NaHCO3, 350 mM urea, and 5 mM glucose, at pH 7.5. The chamber was kept at 20°C and was constantly gassed with 95% O2-5% CO2. Voltage clamping and data acquisition were performed using the VCC MC-6 Multi-Channel Voltage Clamp and software designed and constructed by Physiological Instruments (San Diego, CA). Hormones, antagonists, and other reagents were added to both the mucosal and the serosal side. Data shown are short-circuit current (I sc) tracings reflecting CFTR-mediated Cl Ϫ secretion (15, 26) and are representative of three to eight identical experiments.
Cyclic nucleotide measurements. Following incubation under basal conditions or in the presence of secretagogues, filter-grown monolayers of SRG cells were lysed for 10 min with 0.1 M HCl, centrifuged at 600 g at room temperature, and dried down before reconstitution in assay buffer. cGMP levels were determined using the acetylated version of the cGMP ELISA kit (ADI-900-164; ENZO Life Sciences, Farmingdale, NY). cAMP was detected using a cAMP ELISA kit (ADI-900-163, ENZO Life Sciences). Perfused rectal glands were snap frozen in liquid nitrogen with Wallenberg clamps, and the frozen tissue was pulverized in a porcelain mortar, weighed, and homogenized in 10 vol of cold 5% TCA in a glass-Teflon tissue grinder.
Following centrifugation at 600 g for 10 min, the supernatants were extracted with 3 vol of water-saturated ether, and the aqueous extracts were dried and run directly for cAMP determinations. cAMP and cGMP levels are expressed relative to cell protein content, which was determined on monolayers or perfused glands (DC protein assay kit; Bio-Rad, Hercules, CA).
Molecular cloning of cGMP-dependent protein kinases. Primers were designed based on consensus sequences made by alignment of all proven and putative cGKI and cGKII sequences known to date. Selected cGKII sequences were from human (NM_006259), rhesus monkey (XM_001084948), chimpanzee (XM_517194), cow (XM_612707), dog (XM_544949), rat (Z36276), mouse (NM_008926), opossum (XM_001364891), frog (NM_001092130), platypus (XM_001506960 and XM_001513120), zebrafish (NM_001105279 and XM_679108), pufferfish (CAAE01015003), beetle (XM_963625), and California sea hare (AY362340). Putative cGKI sequences were from human (NM_ 001098512 cGKI␣, NM_006258 cGKI␤), chimpanzee (XM_ 001162858, cGKI␤), cow (Y08961, cGKI␤), mouse (AF084547, cGKI␤), rhesus monkey (XM_001099261, cGKI␣), wild boar (NM_001044574, cGKI␣), rabbit (NM_001082042, cGKI␣), rat (NM_001105731, cGKI␣), chicken (XR_027075), opossum (XM_001374648), zebrafish (XM_689701 and BC054581), and the Japanese killifish (AB164051). All alignments were made using Genious software.
The first 10 forward and 8 reverse primers listed in Table 1 were initially selected for amplification of a potential shark cGKII ortholog. Numbering is relative to the coding region of human cGKII. Sequences were selected partly manually and partly using the primer3 module of Genious. cGKI-specific primers (Fw11-14 and Rv9 -10) were designed in a similar way. Primers Fw15 and Rv11-12 were aimed to amplify any cGMP-dependent kinase and were designed from the most conserved parts of the protein sequences, namely the cGMP binding domain and the kinase domain. After two putative cGKI fragments were amplified by these methods, the remaining parts of the open reading frames were amplified using various combinations of the aforementioned primers and sequences identical to those from the known fragments of the S. acanthus cGKI sequences (primers Fw15-18 and Rv13-19; Table 1 ).
Amplification was performed using total rectal gland RNA. Fifty nanograms of RNA were reverse transcribed in a volume of 20 l using 200 units Sigma Superscript II reverse transcriptase using standard conditions as recommended by the manufacturer. After RNAse H treatment for 15 min at 37°C, samples were diluted to 50 l and PCR reactions were performed on 2 l of cDNA using Sigma Redtaq polymerase. Alternatively, 100 ng of a SRG cDNA library were used as input in the PCR reactions (for a description of the cDNA library preparation procedure, see ref.
2). The PCR conditions were denaturation 94°C for 4 min followed by 30 cycles (94°C for 30 s, annealing at 50°C for 30 s, extension at 72°C for 2 min) followed by a further extension at 72°C for 5 min. Picogram quantities of plasmids containing human or mouse cGKI and cGKII were used to optimize PCR conditions and check for successful amplification. Amplified products were analyzed on a 1% agarose gel. If by-products were present, products were cut from gel and reamplified if necessary. Sequencing was performed using BigDyedideoxy terminators (Perkin Elmer) and an ABI automated sequencer.
Statistical analysis. Data are presented as mean values Ϯ SE. Statistical significance of differences between means was assessed using the Student's t-test (2 sided), and accepted at values of *P Ͻ 0.05, **P Ͻ 0.01, or ***P Ͻ 0.001.
RESULTS

Partial cloning of cGMP-dependent protein kinases and identification by protein purification.
In an attempt to identify the cGMP target protein(s) linking cGMP signaling to chloride secretion in the SRG, we first searched for the expression of a dogfish ortholog of cGKII in this tissue by a combination of molecular cloning and protein purification experiments.
To clone a putative cGK encoding gene, degenerate primer sets were designed from 14 species known to express a cGKII sequence, including two species of teleosts (Danio rerio and Tetraodon nigroviridis; Table 1 ). However, with the use of these primers no cGKII homolog was detected after RT-PCR amplification of cDNA isolated from the rectal gland, although most primer combinations were able to amplify picogram quantities of a plasmid containing the mouse cGKII gene. One primer combination (Fw9 and Rv7) specifically amplified a ϳ260-bp fragment. Sequence analysis showed much stronger homology to cGKI than to cGKII. Subsequently, long and highly degenerate primers were designed to the most conserved sequences in both cGKI and cGKII, i.e., the cGMP binding sites and part of the kinase domain consensus sequence (Table 1) . With the use these primers, fragments from two different cGKI isoforms were amplified from the rectal gland. Attempts to amplify the 5=-end of these genes using degenerate primers specific for cGKI␣ or cGKI␤ failed, suggesting that the NH 2 -terminal part of these proteins differs strongly from those in mammals. Again, no cGKII homolog was detected.
With the use of degenerate primers to amplify a sequence downstream of the 5= end (starting at exon 2 from the human gene), larger fragments of both S. acanthias cGKI isoforms were obtained, both starting at bp317 of the human cGKI␣ coding sequence. The sequences of the final amplification products of 1448 and 1654 bp were deposited in the GenBank (Accession Nos. FJ624866 and FJ624865, respectively). One of the two isoforms, which is partially identical to a previously identified EST clone (GenBank Accession No. ES 452242), possibly a pseudogene, was shown to contain a stop codon at position aa 173 (relative to human cGKI␣), which lies outside the part of the EST clone sequenced previously. The other cGKI gene fragment was highly homologous to cGKI from various species. The predicted protein sequence is 94% identical to human cGKI and 90% identical to zebrafish. In particular the cGMP binding domains and the catalytic domain are highly conserved, suggesting that this gene encodes an active cGMP-dependent protein kinase. In parallel we attempted to detect cGK protein in lysates of cultured SRG epithelial cells by cGMP-or cAMP-agarose affinity-chromatography followed by cGMP-triggered autophosphorylation in the presence of [␥-32 P]ATP, SDS-PAGE, and autoradiography or Western blotting using cGKII-or cGKI-specific antibodies (cf. refs. 6 -7 for Methods). Whereas trace amounts of recombinant human cGKII mixed with the SRG cell extracts were readily detected, endogenous shark cGKII could not be identified by this approach (results not shown). In conclusion, both molecular cloning and protein isolation approaches were unable to provide evidence for the expression of a type II ortholog of mammalian cGKs in SRG epithelial cells, arguing strongly against a key role of cGKII as a regulator of CNP/cGMP-activated chloride secretion in this cell type. In contrast, cGKI is expressed in the SRG gland but does not qualify as a regulator of CFTR-mediated chloride secretion because 1) it could not substitute for cGKII as an activator of CFTR in mammalian cells (11, 34) , and 2) preliminary experiments indicated that cGKI is expressed in vascular smooth muscle and neuronal cells of the SRG, not in SRG epithelial cells (data not shown).
Functional studies. In agreement with our previous studies (2, 15) , saturating concentrations of the NPR-B/guanylyl cyclase activator CNP (10 nM) stimulated chloride secretion in the perfused SRG to a similar extent as saturating concentrations of the adenylyl cyclase activator forskolin (1 M) in combination with the nonspecific PDE inhibitor IBMX (Fig. 1A) . To ascertain that the CNP effect was of nonneuronal origin, filter-grown confluent monolayers of primary cultures of SRG epithelial cells that are devoid of neural elements (35) were exposed to CNP and transepithelial chloride secretion was monitored by I sc measurements in Ussing chambers. As shown in Fig. 1B , CNP provoked a large increase in I sc that was further enhanced by forskolin, shown previously to trigger cAMP/PKA-mediated phosphorylation, membrane insertion of CFTR, and activation of the CFTR chloride channel in SRG epithelial cells (15) . In support of this concept, the I sc response to CNP and forskolin was almost fully blocked by a combination of bumetanide, a specific inhibitor of the basolateral Na ϩ -K ϩ -2Cl Ϫ cotransporter NKCC, and the general K ϩ channel inhibitor Ba 2ϩ (Fig. 1B) , the latter strongly reducing the electrochemical driving force for CFTR-mediated Cl Ϫ exit at the apical membrane.
Previous studies in our laboratory have identified, cloned, and characterized an ancestral receptor guanylyl cyclase (designated NPR-B or GC-B) as the effector of CNP in the SRG (2), suggesting that cGMP elevation is the key signaling event coupling CNP to CFTR channel opening. Surprisingly, however, CNP-induced Cl Ϫ secretion could not be mimicked by any of the membrane-permeant and phosphodiesterase (PDE)-resistant cGMP analogs, including the general activator of cGMP-dependent protein kinases (cGK) 8-Br-cGMP (Fig. 2, A  and B) , the cGK type II-specific analog 8-pCPT-cGMP (Fig.  2B) , and the cGKI-specific analog 8-Br-PET-cGMP (not shown). In contrast, the PKA-specific analog 6-MB-cAMP caused a full activation of chloride secretion, mimicking the effect of forskolin (Fig. 2B) . A similar insensitivity to 8-BrcGMP alone has been reported previously in SRG perfusion studies (24) . In this previous report the combination of 8-BrcGMP and activation of protein kinase C (PKC) by the phorbolester PMA mimicked the effect of CNP on chloride secretion in the perfused gland. In the present study, however, no evidence could be found to support a synergistic effect of PMA and 8-Br-cGMP on SRG chloride secretion, neither in the perfused gland ( Fig. 2A) nor in cultured cells monitored in the Ussing chamber (Fig. 2B) .
Our failure to mimic CNP-induced chloride secretion in the SRG by cGMP analogs, despite their known action as potent activators of cGKs in mammalian epithelial tissues (30 -31, 33-34) , and our failure to identify a shark ortholog of the CFTR-activating enzyme cGKII in the rectal gland, argue strongly against a role for cGKs in the CNP-CFTR signaling pathway. Subsequent protein kinase inhibition experiments likewise pointed to a role for PKA rather than cGK in CNP- provoked chloride secretion in SRG epithelial cells (Fig. 3) . The relatively selective cGK inhibitor H-8, tested at a concentration that caused inhibition of cGMP-, but not of cAMP-, provoked chloride secretion in intestinal epithelium (30) , was unable to block the CNP/cGMP-and forskolin/cAMP-induced I sc response in SRG epithelial cells (Fig. 3) . In contrast, preexposure of the cells for 30 min to H-89, a relatively selective inhibitor of PKA but a poor inhibitor of PKC and many other protein kinases (16) , as well as to the broad spectrum kinase inhibitor staurosporine, severely blunted both the CNP-and forskolin-provoked chloride secretion (Fig. 3) . These findings strongly suggest that CNP acts through a PKA rather than a cGK-or PKC-dependent pathway and are in apparent conflict with a previous model postulated solely on the basis of SRG perfusion studies (24) .
Two potential mechanisms could explain how CNP, following activation of guanylyl cyclase and cGMP generation, could activate PKA, i.e., through cGMP cross-activation of PKA or through cGMP inhibition of PDE3. The latter action is expected to result in a reduced breakdown of cAMP and a local increase in cAMP levels. The effects of specific inhibitors of PDE isoforms were thus pursued in 55 perfusion experiments. In support of the second mechanism, only the specific PDE3 inhibitors cilostamide, amrinone, and milrinone and the nonspecific PDE inhibitor IBMX were found to almost fully mimic the effect of CNP on epithelial chloride secretion in the perfused SRG (Figs. 4A and 5) .
In contrast to PDE3 inhibitors, none of the inhibitors of other PDE isoforms, including vinpocetine (PDE1-specific), EHNA (PDE2-specific), rolipram (PDE4-specific), zaprinast (PDE5/6/ 9/11-specific), and dipyridamole (PDE5/6/7-specific) were capable of stimulating gland secretion at concentrations far above their IC 50 (Fig. 5) . Amrinone was likewise able to mimic the effect of CNP on SRG chloride secretion in cultured cells (Fig.  4B ) whereas the addition of amrinone on top of CNP had no further effect on the I sc (results not shown; cf. Fig. 6 ).
The Ussing chamber I sc tracing shown in Fig. 6 was obtained following nystatin permeabilization of the basolateral membrane and after imposing a mucosal-to-serosal Cl Ϫ gradient. These conditions allow macroscopic measurements of CFTR- mediated Cl Ϫ currents across the apical membrane unaffected by potential rate-limiting ion movements across the basolateral membrane. The outcome proves unambiguously that both CNP and forskolin are capable of enhancing CFTR-mediated Cl Ϫ movement across the apical membrane at a fixed electrochemical gradient, i.e., through recruitment and activation of the CFTR Cl Ϫ channel itself rather than through effects on other channels or transporters (e.g., basolateral K ϩ channels) that modulate the driving force for Cl Ϫ exit through the CFTR channel.
The experiments above demonstrate clearly that CNP is capable of recruiting and activating the CFTR channel in the apical membrane of SRG epithelial cells through a guanylyl cyclase-cGMP-PKA pathway that is nonadditive with a PDE3-cAMP-PKA inhibition pathway. However, they do not firmly rule out a possible role of cGMP cross-activation of PKA as an alternative or parallel mode of action of CNP. To discriminate between these pathways, we exploited the ability of the peptide hormone somatostatin to bind to somatostatin receptors in the basolateral membrane and to inhibit adenylyl cyclase through a G i protein-mediated interaction (28) . As illustrated in Figs. 7A and 8A, addition of somatostatin to the perfused SRG or to monolayers of epithelial cells in the Ussing chamber caused a complete inhibition of the Cl Ϫ secretory response to CNP, whereas the response to supramaximal levels of forskolin (presumably bypassing G i inhibition) remained unaltered (Fig.  8A) . A similar almost complete inhibition by somatostatin was ·g Ϫ1 Ϯ SE) with nonspecific (IBMX) and isotype-specific PDE inhibitors. Only IBMX, a nonspecific PDE inhibitor, and PDE-3 specific inhibitors (cilostamide, amrinone, and milrinone) increased chloride secretion above basal values. Total n ϭ 55 perfusions, n ϭ 3-19 per group. ***P Ͻ 0.001, **P Ͻ 0.01, *P Ͻ 0.05, all compared with basal. observed for amrinone-induced Cl Ϫ secretion (Fig. 8A ). In line with the mechanism of action proposed, CNP and amrinone were found able to elevate both cAMP and cGMP levels in perfused glands (Fig. 7B and Ref. 2) and in cultured SRG epithelial cells (Fig. 8, B and C) , whereas somatostatin strongly reduced the cAMP increase but not the cGMP increase (Figs.  7B and 8, B and C) . These experiments confirm the ability of somatostatin to inhibit the basal activity of adenylyl cyclase and to counteract cAMP elevation by PDE3 inhibitors and CNP in the absence of any significant inhibitory effect on CNP-triggered GC-B activation and subsequent cGMP formation. They virtually rule out a significant contribution of the cGMP-PKA cross-activation pathway to the CNP-induced Cl Ϫ secretory response that was completely blocked by somatostatin whereas cGMP signaling remained unaltered.
DISCUSSION
Sharks maintain body fluid homeostasis in the hypertonic sea by the secretion of NaCl in tubules of the rectal gland, an osmoregulatory organ positioned as an appendage of the gastrointestinal tract. In contrast to mammals, employing atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) as cardiac natriuretic peptides that trigger natriuresis in the kidney, CNP, stored as pro-CNP in the shark heart, is the major physiological activator of CFTR-mediated Cl Ϫ secretion in the SRG (2, 21, 25) . Its effectiveness relies on direct activation of a NPR-B/GC-B receptor guanylyl cyclase resulting in cGMP signaling (2) . However, previous studies in the SRG failed to define the molecular mechanism by which cGMP activates CFTR in the gland tubular cells.
The present study, using both isolated perfused glands and filter-grown monolayers of tubular cells in primary culture as a model, identifies the cGMP/PDE3/cAMP/PKA pathway as the prime signaling cascade linking cGMP elevation with CFTR activation in the apical membrane (Fig. 9, pathway 1 ). This conclusion is based on two major lines of evidence: the exclusion of a role for other potential cGMP-linked pathways (Fig. 9, pathways 2-4) , and the demonstration that pharmacological inhibitors of PDE3 are able to mimic CNP-induced secretion in both models in a nonadditive fashion.
Our initial hypothesis considered a role for a shark ortholog of the mammalian type II cGK as the link between CNP-cGMP signaling and CFTR activation. This homology model was based on the colocalization of cGKII and CFTR in the apical membrane of intestinal epithelial cells and the ability of cGKII, but not of cGKI, to activate the CFTR Cl Ϫ channel through multisite phosphorylation of the regulatory (R) domain (6 -7, 11, 14, 33-34) (Fig. 9, pathway 2) . However, a number of findings in the present study argue strongly against the operation of a similar pathway in the SRG: 1) Our failure to detect a cGKII sequence after RT-PCR amplification of cDNA isolated from the SRG, using sets of degenerate primers directed to part of the cGKII gene shared by all 15 species known to express a cGKII sequence, including the teleosts Danio rerio and Tetraodon nigroviridis, and two invertebrates, insect and mollusc. In contrast, the use of degenerate primers designed to the most conserved sequences among the cGKI and cGKII isoforms allowed us to identify and partially clone a shark cGKI gene that at the protein level was 94% identical to human cGKI and 90% identical to zebrafish (GenBank Accession No. FJ624865). However, this soluble cGKI isoform, in contrast to cGKII, lacks a myristoyl anchor for attachment to the apical membrane and is unable to activate CFTR (11, 32, 34) . Moreover preliminary experiments pointed to its expression in smooth muscle and neuronal cell types rather than in epithelial cells of the SRG, as documented previously for mammalian intestine (14, 33) . 2) Our failure to detect cGKII protein in lysates of cultured SRG epithelial cells by cGMP-or cAMP-agarose affinity chromatography and autophosphorylation in the presence of [␥-32 P]ATP or by Western blotting using cGKIIspecific antibodies.
3) The inability of membrane-permeable, hydrolysis-resistant cGMP analogs including the relatively specific cGKII activator 8-pCPT-cGMP to mimic CNP-provoked CFTR activation and Cl Ϫ secretion in the SRG epithelial cells in contrast to cAMP analogs. Likewise the combined addition of a cGMP analog and PMA, a specific activator of PKC, failed to stimulate Cl Ϫ secretion, both in the perfused gland and in the cultured tubular cells. Therefore, a synergistic interaction between cGMP and PKC signaling pathways converging at CFTR in the perfused SRG reported earlier (24) could not be confirmed in the present study and is not known to operate in any mammalian epithelial cell type, including cells from the gastrointestinal tract. The reason for these conflicting results is unclear.
4) The profound effect of the relatively specific PKA inhibitor H89 and of the nonspecific kinase inhibitor staurosporine on SRG Cl Ϫ secretion, in contrast to a lack of effect of the relatively specific cGK inhibitor H8, also point to a role of PKA rather than PKG in the CNP signaling cascade.
5)
The ability of the inhibitory modulator of SRG Cl Ϫ secretion somatostatin to counteract the CNP-induced rise in cAMP levels but not the concomittant elevation of cGMP. If CNP would act through cGMP/cGKII signaling, somatostatin would not be expected to cause the complete inhibition of CNP-induced Cl Ϫ secretion observed in this study. Collectively, these results argue strongly against a role of cGKII as a CFTR activator in the SRG. Additional cloning and functional studies are needed to define a possible role of shark cGKII in other epithelial tissues, in particular the gastrointestinal tract, and to clarify its role in CFTR-expressing epithelia from noncartilaginous fishes, e.g., the gills of teleosts (23) .
Two other potential modes of action of cGMP, i.e., cGMP cross-activation of PKA (Fig. 9, pathway 3 ) and direct allosteric activation of CFTR by interaction with a cGMP binding site located at the NH 2 -terminal end of NBD1 (19, 27) (Fig. 9,  pathway 4) , could also be virtually ruled out because both mechanisms would be in conflict with our finding of somatostatin inhibition of CNP-induced Cl Ϫ secretion occurring at maximally elevated cGMP levels. Moreover, these mechanisms would not explain the inability of membrane-permeable cGMP analogs to provoke CFTR activation in the SRG.
Instead the data strongly support a key role for the type 3 isoform of PDE3 in CNP action in the SRG. First, it was found that three specific inhibitors of PDE3, i.e., cilostamide, milrinone, and amrinone, and a nonspecific PDE inhibitor, IBMX, were each able to mimic the prosecretory effect of CNP in a nonadditive fashion. In contrast, none of the inhibitors of other mammalian PDE isoforms, i.e., PDE1, 2, 4 -7, and 11 (3), appeared able to elicit CFTR-mediated Cl Ϫ secretion in the . Cells were harvested and lysed after reaching the plateau phase of the Isc response (cf. A), and cyclic nucleotide assays were performed as described in MATERIALS AND METHODS. n ϭ 4 per condition. **P Ͻ 0.01, comparing cAMP content with CNP ϩ somatostatin to CNP alone and comparing amrinone ϩ somatostatin to amrinone alone (B); n.s., not significant comparing cGMP content with CNP alone with CNP ϩ somatostatin and comparing amrinone alone with amrinone ϩ somatostatin (C).
SRG. Second, CNP elevated not only cGMP but also cAMP levels in the perfused gland and in cultured tubular cells, most plausibly through competitive inhibition of PDE3-catalyzed hydrolysis of cAMP by cGMP. The failure of PDE-resistant cGMP analogs to mimic CNP action can be readily explained by their inability to interact with PDE3, in contrast to cGMP itself (1, 5) . A similar mechanism has been postulated previously for the action of the cGMP agonist Escherichia coli heat-stable enterotoxin (STa) in mouse proximal colon, showing residual STa stimulation of CFTR-mediated chloride secretion in cGKII Ϫ/Ϫ mice (mimicked by amrinone) under conditions in which 8-Br-cGMP had completely lost its effect (31) . Finally, the parallel inhibition of CNP-and amrinoneprovoked Cl Ϫ secretion and cAMP but not cGMP elevation by somatostatin, the pronounced synergism between CNP/cGMPand VIP/cAMP-induced secretion, and the inhibition of CNPinduced secretion by the PKA inhibitor H-89 further support the CNP/cGMP/cAMP/PKA model (Fig. 9, pathway 1) .
These data provide strong functional evidence for the expression of a shark ortholog of PDE3 in SRG epithelia.
Molecular cloning experiments using degenerate primers provided preliminary evidence for the expression of the PDE3A rather than the PDE3B isoform in the SRG (results not shown). Interestingly, although the catalytic domains of PDE3A and 3B are very similar, PDE3A is more sensitive to cGMP inhibition than PDE3B (8) . Moreover, the NH 2 -terminal portion of PDE3A contains six helical transmembrane segments involved in anchoring the enzyme to the apical membrane of polarized epithelial cells (8) . Using the Calu-3 human airway epithelial cell line as a model, Penmatsa et al. (18) have recently demonstrated that PDE3A physically and functionally interacts with CFTR in the apical membrane and that PDE3 inhibition results in compartmentalized cAMP formation that serves to promote CFTR activation within a CFTR/PDE3A/PKA macromolecular complex and augments CFTR-dependent secretion. Clearly additional studies including full-length cloning of the shark ortholog of PDE3 are needed to verify the occurrence of a similar CFTR/PDE3 signaling complex in the SRG. NPR-B) , resulting in cGMP elevation. Endogenous cGMP, but not membrane-permeable and nonhydrolyzable cGMP analogs, compete with cAMP for degradation by a type 3 phosphodiesterase (PDE3A) situated in the apical membrane, resulting in a local rise of cAMP levels. Cyclic AMP in the apical compartment, through activation of cAMP-dependent protein kinase (PKA), causes multisite phosphorylation (Pn) of the regulatory (R) domain of cystic fibrosis transmembrane conductance regulator (CFTR) and opening of the CFTR chloride channel (pathway 1, solid lines). Activation of CFTR by CNP is dependent on basal cAMP production by adenylyl cyclase (AC), which is inhibited by somatostatin through a specific receptor coupled to the inhibitory G protein G␣i. The operation of 3 other potential cGMP signaling pathways (dotted lines), i.e., cGMP activation of the type II isoform of cGMP-dependent protein kinase (cGKII) anchored through myristoyl groups to the apical membrane (pathway 2), cGMP cross-activation of PKA (pathway 3), and direct allosteric activation of CFTR by cGMP (pathway 4), is virtually excluded by the experiments reported here, identifying pathway 1 as the predominant, if not sole signaling pathway operating in the SRG epithelial cells. We emphasize that the positioning of PDE3A in the apical membrane in close vicinity to CFTR is entirely hypothetical and based on analogy with a recent PDE3-CFTR signaling model in human airway epithelial cells (18) .
